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Abstract: We report an experimental demonstration of a bright high-
fidelity single-mode-optical-fiber source of polarization-entangled photon 
pairs. The source takes advantage of single-mode fiber optics, highly 
nonlinear microstructure fiber, judicious phase-matching, and the inherent 
stability provided by a Sagnac interferometer. With a modest average pump 
power (300 μW), we create all four Bell states with a detected two-photon 
coincidence rate of 7 kHz per bandwidth of 0.9 nm, in a spectral range of 
more than 20 nm. To characterize the purity of the states produced by this 
source, we use quantum-state tomography to reconstruct the corresponding 
density matrices, with fidelities of 95 % or more for each Bell state. 
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1. Introduction 

Entanglement [1], an essential trait of quantum mechanics, together with the superposition 
principle, has led to new concepts in information technology, resulting in the emergence of 
quantum-information science [2-9]. Many quantum-information protocols require high-
fidelity entangled states, often realized experimentally in the form of polarization-entangled 
photon pairs [10-12]. Entangled photon pairs typically have been produced by three-wave 
mixing, where a photon of frequency ωp is annihilated in a nonlinear crystal to create a pair of 
photons of lower frequencies (ω1 and ω2) with ωp = ω1 + ω2, a process referred to as 
parametric down-conversion [13]. Thirty-seven years of continuous study has yielded a 
number of bright down-conversion-based entangled photon−pair sources [14-17], yet a 
serious drawback remains - the photons are emitted into a large number of spatial and spectral 
modes. Unfortunately, many quantum-information applications require photons in a narrow 
spectral bandwidth and a single spatial mode. 

While these sources have been developing, the communications industry has undergone a 
revolution: a massive network of single-mode optical fiber has been installed, allowing a truly 
global exchange of information. To facilitate long-range communications, nonlinear 
interactions such as four-wave mixing (FWM) and Raman scattering in single-mode optical 
fiber have been extensively studied in part to avoid their numerous negative effects such as 
cross-talk and signal loss [18]. On the positive side, it is also possible to use these 
nonlinearities to one’s advantage. For example, FWM in fiber, where two pump photons are 
annihilated to create a pair of correlated photons (referred to as signal ωs and idler ωi, with 
2ωp = ωs + ωi), opens a new possibility that entangled photon pairs can be produced and 
transmitted for quantum-information processing, all within an optical-fiber network [19].  

FWM is the dominant parametric process in single-mode optical fiber because the centro-
symmetry of single-mode fiber glass allows no three-wave mixing [18]. The two-photon gain 
is determined by FWM phase-matching and the effective fiber nonlinear coefficient γ which 

relates to the Kerr-nonlinearity (n2) and effective mode area (Aeff) as 
effλA

n
γ 22π

= . The gain is 

proportional to |γPz|2 when the fiber dispersion (2kp − ks − ki)z is cancelled by the Kerr 
nonlinearity-induced self-phase modulation 2γPz, (known as perfect phase-matching),  
(ks + ki −2kp)z + 2γPz = 0, where z is fiber length, P is peak power, and kp and ks,i are wave 
numbers for the pump, signal, and idler photons, respectively.  
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In addition to FWM, pump photons may individually exchange phonons with the fiber 
glass, resulting in Raman transitions [18]. At room temperature, this Raman scattering 
presents a broadband single-photon noise background to the two-photon light of interest, with 
the Raman scattering peak at a Δω = 13 THz (Δω  = ωp − ωi) detuning from the pump laser, 
and extending over 40 THz (inset 1 of Fig. 1). Previous experimental studies of FWM used 
conventional fibers possessing a small nonlinear coefficient (γ ≈ 1 W−1km−1) , and therefore a 
low two-photon production probability [20, 21]. In this paper, we report the complete 
characterization of a bright fiber-based source of polarization-entangled two photon source. 
We use a highly nonlinear microstructure fiber in the experiment. The microstructure fiber 
consists of a solid core of glass suspended by a thin web of glass, allowing for a small core 
diameter and single spatial−mode propagation with low loss for a wide range of wavelengths 
[22]. With reduced spatial-mode area, the nonlinear coefficient of this fiber, and thus the two-
photon production probability, are significantly enhanced. (For example, the microstructure 
fiber with a core diameter of 1.2 μm used in our experiment has γ ≈ 70 W−1km−1 at 740 nm, 
70x larger than conventional fiber.) In addition, we phase-match the FWM process with a 
large detuning to produce correlated signal and idler photons that are outside of the main 
Raman spectral band, significantly reducing the single-photon noise level. We also introduce 
new optical arrangements that enhance the source stability and operationally flexibility. 

In previous three-wave or four-wave mixing schemes producing entangled photon pairs, 
two photon pairs (HsHi and VsVi, H: horizontal polarization, V: vertical polarization) were 
created separately, and then interferometrically combined to be indistinguishable. The need 
for the two photon pairs to be indistinguishable requires precise spatial−, temporal−, and 
spectral− mode controls. Achieving this in a three-wave process is possible, but at the cost of 
flexibility in spectral mode selection [14-16]. Four-wave schemes offer less stability because 
of temporal coherence drifts between the two pump beams required, but more flexibility in 
spectral-mode selection [20, 21]. To achieve both source stability and easy spectral 
selectivity, we introduce a new design that uses a polarization-configured single-mode 
optical-fiber Sagnac interferometer.  

The experimental setup in Fig. 1 shows the principle of the interferometer.  We use the 
fact that in twisting a polarization-maintaining optical fiber gradually, the polarization state of 
the light simply rotates with the fiber. We orient the fiber principal axis horizontally at one 
end and vertically at the other end, so that the input H-polarized light beam (from the H-end 
of the fiber) is output (from the V-end of the fiber) in the V-polarization state, and vice versa. 
The interferometer is configured with the H-end of the fiber accepting the H-polarized pump 
beam that is transmitted through the polarizing beam splitter (PBS) and the V-end accepting 
the V-polarized pump beam that is reflected from the PBS.  The PBS acts as an access port for 
light to be coupled into and out of the Sagnac interferometer. This interferometer design is 
mechanically robust with no need of dynamic controls such as delay stages. In addition, it is 
achromatic with no need of optical elements for phase-retarding control. 
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Fig. 1. Experimental setup. After passing through a transmission grating, the 8 ps linearly 
polarized pump laser pulse (λP = 740.7 nm, repetition rate = 80 MHz) is sent to the Sagnac 
interferometer via the polarizing beam splitter (PBS). A 1.8 m long polarization-maintaining 
microstructure fiber is the nonlinear FWM medium with zero-dispersion wavelength λzdw = 
745 ± 5 nm and nonlinearity γ = 70 W−1km−1 at λP. The H−end of fiber (with principal axis 
oriented horizontally) faces port B of PBS and the V−end of fiber (with principal axis oriented 
vertically) faces port A. Inset 1 shows the Raman gain spectral profile of our fibers as a 
function of detuning from the pump wavelength. Inset 2 shows the measured two-photon 
quantum−interference fringes for Bell state Φ−

 at four angle settings of  θs for the polarization 
analyzer in the signal arm: θs = 0o, 45o, 90o, −45o with λs = 689.5 nm, λi = 799.5 nm, Δλ = 
0.9 nm. The visibility, V = (Cmax − Cmin)/(Cmax + Cmin) is calculated with a sine-squared-
function-fit, where Cmax and Cmin are the maximum and minimum coincidence count rates. 
λ/2: half-wave plate; λ/4: quarter-wave plate. 

 
By sending a linearly polarized laser pump pulse (45o oriented respect to the H-axis) into 

the Sagnac interferometer via the PBS, the equal-power transmitted and reflected components 
counter-propagate, each driving a FWM process. The cross-polarized equal-power outputs 
from the two fiber ends are combined at the PBS and exit together into indistinguishable 
spatial and temporal modes, thus forming the Bell state 

)()()()()( isis ωΔ−ωΔ+ωΔ−ωΔ=ωΔΦ + VVHH  with frequency-conjugate signal and idler 

photon pairs with respect to the pump wavelength λ. With our two-pass grating configuration 
[23], these polarization-entangled single spatial-mode photon pairs can be selected either in a 
narrow spectral bandwidth, or in a group of spectral bandwidths by wavelength-division 
multiplexing. 

With a total average pump power of 300 μW, the measured two-photon coincidence rate is 
7 kHz with λs = 689 nm, λi = 800 nm, and Δλ = 0.9 nm). The two-photon quantum 
interferences measured for the Bell state Φ−(Δω) 
( )()()()()( isis ωΔ−ωΔ−ωΔ−ωΔ=ωΔΦ − VVHH , Δω = 32 THz) are plotted in inset 2 of 

Fig. 1, showing high visibility greater than 91 % without subtracting accidentals and greater 
than 97 % with accidentals subtracted.  
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To characterize the produced polarization-entangled quantum states, we developed an 
automatic control system to complete the quantum state tomography measurements [24]. The 
wave plates in the polarization analyzers of the signal and idler arms are mounted on 
automatic rotation stages that are computer controlled. Following the procedure described in 
Ref. 24, the rotation angles for wave plates in 36 angle settings in the H, V, D = (H + V)/21/2 
and R = (H − iV)/21/2 bases for the tomography measurement are programmed into the 
computer. After optical alignment, the program automatically executes the tomography 
measurements, with 10 seconds of data accumulation time for each setting. The density matrix 
for each Bell state is reconstructed with the maximum likelihood method, using the two-
photon coincidence and accidental events accumulated in these 36 measurements as input. 
The fidelity (F) of the reconstructed density matrix, ρ, measuring the degree of overlap 
between the produced state and ideal state, is defined as <Ψ⎥ρ⎥Ψ>, where Ψ represents the 
Bell state of interest. We measured F ≥ 95 % for reconstructed density matrices of all of the 
four Bell states produced using our fiber-based source.  

 

 
 

Fig. 2. Density matrix reconstruction of all four Bell states.  The ideal density matrix (which is 
real) and the reconstructed density matrix (real and imaginary parts) are shown for each of the 
four Bell states with λs = 693 nm and λi = 795 nm, along with the fidelities calculated from the 
reconstructed matrices.  
 

The two-pass grating configuration allows us to select Bell states at different wavelengths 
by simply translating the slits to different positions, without performing additional optical 
alignment, and without reducing the 7 kHz coincidence rate [25, 26]. The reconstructed 
density matrices for the singlet Bell state (Ψ−) at signal (idler) wavelengths ranging from 693 
nm to 682 nm (795 nm to 809.5 nm) are plotted in Fig. 3, with F ≥ 97 % for all wavelengths 
studied. The easily and broadly tunable wavelength of our source is a particularly unique and 
useful advantage for quantum-information applications. 
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Fig. 3.  Density matrix reconstruction of Bell state Ψ- produced at different wavelengths. The 
reconstructed density matrices are shown along with the fidelities calculated from the 
reconstructed matrices. 

 
In addition to the advantages already discussed, the gain and dispersion of microstructure 

fiber can be controlled through design of the fiber’s physical structure, such as the core size 
and air-hole size, as well as by choosing materials with higher nonlinearity.  This should 
enable even higher two-photon production rates with lower background, as well as allowing 
pair production at wavelengths ranging from ultraviolet to infrared, meeting the requirements 
of more quantum-information applications. Although in an early development stage, this 
bright, phase-stable, wavelength tunable, single-mode fiber-based source of polarization-
entangled photon pairs is already comparable to the best performing down-conversion-based 
sources. With its wavelength tunability and inherent mechanical stability, this source is a 
promising candidate for use in practical, real-world, quantum-information science 
applications. 
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